The speciation of plutonium in Arctic waters sampled on the northwest Greenland shelf in August 1997 is discussed in this paper. Speci®cally, we report the results of analyses carried out on seawater sampled (a) close to the Thule air base where, in 1968, a US military aircraft carrying four nuclear weapons crashed on sea ice, releasing kilogram quantities of plutonium to the snow pack and underlying seabed sediments, and (b) at a reference station (Upernavik) located H400 km to the south. The data show that most of the plutonium in the dissolved phase at Thule is in the form of Pu(V, VI) (mean: 6826%; n 6), with little if any distinction apparent between surface and bottom waters. Further, the oxidation state distribution at stations close to the accident site is similar to that measured at Upernavik, remote from this site. It is also similar to the distribution observed in shelf waters at midlatitudes, suggesting that the underlying processes controlling plutonium speciation are insensitive to temperature over the range 0±258C. Measurements using tangential-¯ow ultra®ltration indicate that virtually all of the plutonium (including the fraction in a reduced chemical form) is present as fully dissolved species. Most of this plutonium would seem to be of weapons fallout origin, as the mean 238 Pu/ 239,240 Pu activity ratio in the water column (dissolved phase) at Thule (0.0620.02; n 10 is similar to the global fallout ratio at this latitude I0X04). Thus, there is little evidence of weapons-grade plutonium in the water column at Thule at the present time. #
1. Introduction
Background
For over two decades, considerable eort has been expended in attempts to develop a comprehensive understanding of the behaviour of plutonium in the marine environment. Much of the earlier work was conducted at mid-latitudes and, in particular, in coastal areas where the levels of plutonium were known to be enhanced as a consequence of historic discharges or nuclear accidents, and at deep ocean sites where weapons-fallout plutonium was sometimes used as a marker for particle sedimentation. In recent years, the focus has shifted to more extreme environments as the need to develop realistic models for radiopollutant transport in vulnerable ecosystems (e.g., the Arctic shelf seas and the central Arctic Ocean) became important. All such models require as input reliable, site-speci®c, parameter values which, clearly, can only be obtained from appropriate ®eld measurements. A key parameter is the sediment±water distribution coecient (K d ) which, for plutonium, has been found to be highly sensitive to the particular chemical form(s) in which it is present in the water column. Thus, knowledge of the plutonium species involved is essential to a proper understanding of its behaviour. In this paper we present for the ®rst time data on the physico-chemical speciation of this element in an Arctic water column and compare these data with similar data from other studies conducted at more temperate latitudes.
Plutonium seawater chemistry
Plutonium in natural waters presents as a mixture of ionic, particulate, colloidal and pseudo-colloidal species, the relative proportions of which depend on factors such as chemical form upon input, seawater chemistry, concentration of dissolved organic carbon, suspended particulate loading, etc. The chemistry is complex, studies having shown that in aqueous solution plutonium can exist in at least four distinct oxidation states simultaneously (Polzer, 1971) . In seawater, oxidation states IV and V have been shown to predominate as the reduced (Pu(OH) 4 ) and oxidised (PuO 2 + ) forms, respectively. Consequently, plutonium can be thought of as being present in two distinct forms: reduced plutonium, Pu(IV), which is highly particle-reactive and is thus quickly scavenged by particles, sediments and colloids; and oxidised plutonium, Pu(V), which is relatively soluble and can be transported over long distances within the dissolved phase.
These two forms of plutonium exhibit very dierent sediment±water distribution coecients (K d ), with reduced plutonium possessing a K d approximately two orders of magnitude higher than oxidised plutonium, i.e., 10 6 compared to 10 3 À10 4 (Nelson and Lovett, 1978) .
The Thule accident site
In January 1968, an American B-52 bomber carrying four plutonium-bearing weapons crashed on the sea ice in Bylot Sound (Greenland), 11 km west of the Thule Air Base. The aircraft and the chemical explosive component of all four weapons exploded on impact, causing the release of kilogram quantities of plutonium, in the form of insoluble plutonium oxide (PuO 2 ), to the snow pack and underlying seabed sediment (Langham, 1970; Risù, 1970; Aarkrog, 1971) . Although it has been estimated that H90% of the plutonium was subsequently removed in the ensuing clean-up operation, residual contamination totalling an estimated 1 TBq 239 Pu (H0.5 kg) is now known to cover a seabed area in the order of 1000 km 2 (Aarkrog et al., 1984; Smith et al., 1994) . Thule Air Base is located in Bylot Sound on the northwestern coast of Greenland. The area has an arctic climate, with a mean winter temperature of À228C and a mean summer temperature of +48C. Mean annual precipitation is very low, at less than 100 mm (Hardy and Rivera, 1969) . 
Methodology
In the course of a collaborative research expedition to northwest Greenland and the Thule accident site in August±September 1997, a number n 12 of surface and subsurface water samples (100±200 l each) were collected with a view to examining the physico-chemical speciation of plutonium in the water column (see Fig. 1 ). Upon collection, the samples were promptly ®ltered through membrane ®lters (0.45 mm) and the ®l-tered water analysed either for total plutonium content by the standard technique of coprecipitation with Fe(OH) 3 (Wong, 1971) , or for reduced and oxidised plutonium following separation using the so-called limited iron technique (Harvey et al., 1991; Blowers, pers. comm.) . The latter is based on the sequential coprecipitation of the reduced plutonium species with small amounts of ferric hydroxide and relies on the fact that very small quantities of iron carrier (Fe 3+ ) quantitatively coprecipitate the reduced plutonium species, Pu(III,IV), but not the oxidised species, Pu(V, VI) . Note that the limited iron technique does not discriminate between Pu(III) and Pu(IV) , nor between Pu(V) and Pu(VI). The addition of two distinct isotopic monitors (e.g., 236 Pu(VI) in an oxidised form and 242 Pu(IV) in a reduced form) enabled corrections to be made for any change of oxidation state during the preconcentration and separation steps, by quanti®cation of the extent of crossover of the 236 Pu(VI) monitor and the 242 Pu(IV) monitor into the reduced and oxidised fractions, respectively (Vives i Batlle, 1993). Brie¯y, the two monitors, 242 Pu(IV) and 236 Pu(VI), were added to the ®ltered seawater which was then made 0.3 M with respect to HCl. A small amount of Fe 3+ (0.1 mg per litre of sample) was added. After thoroughly mixing for 15 min, the reduced plutonium fraction was coprecipitated with ferric hydroxide following neutralisation with ammonia (to pH > 9) and the sample left to stand for a further 15 min. The precipitate was then collected by ®ltration through a 0.45 mm membrane ®lter and retained for analysis of the reduced plutonium fraction. At this point the oxidised plutonium fraction in the ®ltrate was reduced under acid conditions by the addition of sodium sulphite (2 g per l of sample) and ferrous ammonium sulphate (3 mg Fe 2+ per l of sample). The coprecipitation process was repeated and this second ferric hydroxide precipitate retained for analysis of the oxidised plutonium fraction. Tracer cross over was monitored carefully throughout and was found to be less than 6% in all cases.
To determine whether any plutonium was present in colloidal form, large volumes (H500 l) of seawater were collected at two stations (Stations A and P2) and ®l-tered in situ through 0.45 mm ®lters prior to (tangential ow) ultra®ltration using 1 and 10 kDa polysulphone membranes. The (total) plutonium content in both the permeate and retentate fractions was then determined as described above. In all cases, following further puri®cation using routine radiochemical separation techniques based on selective sorption on ion-exchange resins and electrodeposition of the puri®ed plutonium onto stainless-steel discs, the concentration of 239,240 Pu (and 238 Pu where possible) in each fraction was determined by high-resolution alpha spectrometry using 450 mm 2 passivated ion-implanted silicon detectors. Typically, radiochemical yields were in the range 60±70%.
Results and discussion

Plutonium concentrations
Overall, 239,240 Pu concentrations in ®ltered seawater from the coastal shelf of northwest Greenland were very low (see Table 1 ), with surface concentrations showing a mean value of 5.5 2 2.3 mBq m À3 n 9). This is consistent with concentrations recorded in surface waters in other areas of the Arctic Ocean in recent years (e.g., Holm et al., 1996; Mitchell et al., 1998 ; LeoÂ n VintroÂ et al., submitted for publication). Noticeably higher concentrations factor of I2±3 were found in near-bottom waters. In previous studies undertaken at Thule higher plutonium concentrations were observed in near-bottom water samples (un®l-tered) which were attributed to the disturbance of seabed sediment during sampling (Aarkrog, 1977; Aarkrog et al., 1984) . Our observations show that a considerably higher proportion factor of I4 of the total plutonium present in near-bottom water is attached to suspended particulate matter ( Table 2) . As higher concentrations are also evident in the ®ltered fraction at these depths, it seems to us that a more plausible explanation for the elevated levels lies in a combination of vertical scavenging and physical resuspension of contaminated seabed sediment.
Plutonium oxidation-state distribution
Our data (Table 3) show that most of the plutonium in the dissolved phase at all four Greenland stations is in an oxidised form, i.e., Pu(V, VI), highlighting the well-oxygenated character of these cold shelf waters.
Further, there appears to be no dierence between the oxidation state distribution measured at stations close to the Thule accident site and that at a reference station remote from this site (i.e., Upernavik). Overall, the percentage of oxidised 239, 240 Pu in surface waters near Thule is similar to that observed at lower latitudes (see Table 4 ), suggesting that the underlying processes controlling plutonium speciation are, to ®rst order, insensitive to temperature over the range 0± 258C. Unfortunately, there appears to be no published data on the oxidation-state distribution of plutonium in Arctic waters with which we can compare our results, with the exception of a single measurement by Pentreath et al. (1986) , who reported a value of 55% for oxidised plutonium at an unspeci®ed location in the Arctic (understood to be somewhere within the Norwegian Sea).
Analysis for plutonium in colloidal form
The possibility that some of the plutonium in Thule waters was present in colloidal form was examined in two separate ultra®ltration experiments (Table 5) . Analysis of the results revealed that retention of plutonium by 1 and 10 kDa ultra®lters was negligible, indi- Mean n 7) 7027 Range 59±77 cating that there was little, if any, plutonium associated with colloidal species in these waters. This observation is similar to results reported recently for more temperate environments where virtually all of the plutonium, including the fraction in a reduced chemical form, was found to be present as fully dissolved species (Downes, 1999) .
3.4.
238 Pu/ 239, 240 Pu activity ratios
Measurement of the 238 Pu/ 239, 240 Pu ratio in the water column (dissolved phase) at Thule yielded a mean value of 0.0620.02 n 10 which, being similar to the global fallout ratio at this latitude of I0.04, suggests that there is virtually no weapons-grade plutonium in the Thule water column at the present time. This is in sharp contrast to the seabed sediments, which show considerable inhomogeneities in their plutonium content, with ratios in some samples as low as 0.01±0.02, characteristic of weapons-grade plutonium (Aarkrog et al., 1987; Holm et al., 1988; Smith et al., 1994; Mitchell et al., 1997; Dahlgaard et al., 1998) . Statistically there was no dierence in the ratios recorded in surface and subsurface waters, suggesting that even in near-bottom waters (dissolved phase) global fallout 239, 240 Pu now predominates. This is consistent with observations made in the early 1990s in the vicinity of the coastal village of Palomares (Spain), where a similar accident involving nuclear weapons occurred in January 1966 (Mitchell et al., 1995) .
In the case of suspended particulate, the only sample in which it proved possible to determine the 238 Pu/ 239, 240 Pu activity ratio with reasonable precision gave a value of 0.00620.003, consistent with the isotopic signature of the plutonium released in the Thule accident. This sample was taken at the actual accident site (Station V), some few metres above the seabed, and the very low ratio more than likely re¯ects the presence of some accident-contaminated ®ne sediment in the water column following resuspension during the severe storm which occurred two days prior to sampling.
Conclusions
Our key conclusions are these:
1. At the present time, the oxidation-state distribution of plutonium in the shallow waters of the northwest Greenland continental shelf is similar to that observed in shelf waters at intermediate latitudes (e.g., Palomares oshore zone, Irish Sea). 2. None of the plutonium in the traditionally-de®ned (<0.45 mm) dissolved phase appears to be in colloidal form. 3. In surface waters, less than 10% of the plutonium inventory is associated with suspended matter. This percentage increases to almost 40% near the seabed. 4. Examination of the 238 Pu/ 239,240 Pu ratio in surface and near-bottom waters indicates that essentially all of the plutonium in the dissolved phase in the Thule water column at the present time is of global fallout origin.
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Location
Size fraction (x ) 239, 240 Pu (mBq m À3 ) Station A x < 0.45 mm 6.820.4 10 kDa < x < 0.45 mm 5.320.7 x < 10 kDa 6.220.9 1 kDa < x< 0.45 mm 4.220.8 x < 1 kDa 5.720.9 Station P2
x < 0.45 mm 3.220.4 10 kDa < x < 0.45 mm 2.320.2 x < 10 kDa 2. 
